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Abstract: In an open channel, the operation of a gate is associated with a lowering of the water level 
on one side and the generation of a negative surge. Herein some physical modelling of rapid gate 
opening was studied under controlled flow conditions in a relatively large size facility. The gate 
opening induced a negative surge travelling upstream into the canal. Detailed free-surface and 
velocity measurements were performed with three types of roughness. The experiments were 
repeated 25 times and the results were ensemble-averaged. The propagation of negative surges was 
gentle and barely perceptible, but very close to the gate. Large free-surface fluctuations and turbulent 
velocity fluctuations were recorded beneath the negative surge, as well as turbulent Reynolds 
stresses. For all bed configurations, the data of surge leading edge celerity showed a characteristic 
trend with an asymptotical value: (U+Vo)/(g×do)1/2 = 1 independently of the bed roughness. The results 
implied that the bed roughness had little effect within the experimental flow conditions. 
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1. INTRODUCTION 
In an open channel, the operation of a regulation structure (e.g. gate) is typically associated with a 
lowering of the water level on one side and the rise in water elevation on the other side. These 
unsteady processes are called respectively negative surge and positive surge. They are commonly 
observed in water supply channels during the operation of regulations gates (Fig. 1). Negative and 
positive surges may be analysed using the St Venant equations and the method of characteristics in 
channels of relatively simple geometry. The St-Venant equations are one-dimensional unsteady open 
channel flow equations characterising the variations with time of the water depth d and flow velocity V: 
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where x is the longitudinal co-ordinate positive downstream, t is the time, A is the flow cross-section 
area, B is the free-surface width, g is the gravity acceleration, So is the bed slope and Sf is the friction 
slope. Several textbooks present the complete solutions in prismatic rectangular channels (Henderson 
1966, Liggett 1994, Chanson 2004) 
 
The turbulent mixing induced by a negative surge is considered in the present study. Earlier 
experimental studies of negative surges included Favre (1935) and Reichstetter and Chanson 
(2013a), while numerical studies were more numerous (Tan and Chu 2009, Reichstetter and Chanson 
2013b), albeit restricted by the limited amount of validation data sets. Herein a physical study is 
presented. Detailed free-surface and velocity measurements were performed with three types of 
roughness. The experiments were repeated 25 times and the results were ensemble-averaged. It is 
the purpose of this contribution to study thoroughly the upstream surge propagation and associated 
turbulent mixing. 
 
  
Figure 1 – Fully-opened radial gates along the Toyohashi-Tahara aqueduct, Toyohashi City (Japan) 
on 26 November 2008 
2. EXPERIMENTAL INVESTIGATIONS 
New experiments were conducted in a large rectangular flume at the University of Queensland 
(Brisbane, Australia). The 12 m long 0.5 m wide channel was made of smooth PVC bed and glass 
sidewalls. The water was supplied by a constant head tank feeding a large intake basin leading to the 
12 m long test section through a bed and sidewall convergent. A tainter gate was located next to the 
flume's downstream end at x = xGate = 11.12 m where x is the distance from the channel upstream end 
(Fig. 2A). Three bed configurations were tested: the smooth PVC invert and two rough beds made out 
a series of industrial rubber floor mats placed at 0.075 m < x < 11.10 m. The rubber mats were cut to 
the channel width and laid on the PVC. Each side of the rubber mats was tested: configurations A and 
B (Fig. 2B). The hydraulic roughness of all bed configurations was tested in steady gradually-varied 
flow with discharges between 0.006 and 0.030 m3/s. The bed shear stress was deduced from the 
measured free-surface profiles and flow rates. The mean equivalent sand roughness height of the 
PVC bed was ks = 1 mm. The friction factor on the rough beds was basically independent of Reynolds 
number and correlated well with the Colebrook-White formula for fully-rough turbulent flows. On 
average, the data yielded ks = 39 mm and 12 mm for the bed configurations A and B respectively. 
These equivalent rugosity heights were comparable to the rubber mat thickness. Note that the water 
depths were measured above the top of the rubber mats (z = 0, in Figure 2B). Further details are 
reported in Leng and Chanson (2014). 
 
The discharge was measured with an orifice meter designed based upon the British Standards (1943) 
and calibrated on site. The percentage of error was less than 2%. In steady flows, the flow depth was 
measured using rail mounted pointer gauges. The unsteady flow depths were recorded with a series 
of acoustic displacement meters Microsonic™ Mic+25/IU/TC located along and above the channel. 
The acoustic displacement meters were calibrated against the pointer gauges in steady flows and their 
accuracy was 0.2 mm. The velocity measurements were conducted with an acoustic Doppler 
velocimeter (ADV) Nortek™ Vectrino+ (Serial No. VNO 0436) equipped with a three-dimensional side-
looking head. The accuracy was 0.01 m/s. The translation of the ADV probe in the vertical direction 
was controlled by a fine adjustment travelling mechanism connected to a MitutoyoTM digimatic scale 
unit. Both the acoustic displacement meters and acoustic Doppler velocimeter were synchronised 
within  1 ms and sampled simultaneously at 200 Hz. 
 
The experimental flow conditions are summarised in Table 1 where Q is the initially steady discharge, 
do is the initial flow depth measured at x = 5 m, and h is the initial gate opening. For each run, the 
steady gradually-varied flow conditions were established prior to sampling. The negative surge was 
produced by the rapid opening of the gate (Fig. 2A). The gate opening times were less than 0.15 to 
 0.2 s and such an opening time was small enough to have little effect on the negative surge 
propagation (Lauber 1997). The ADV unit was mounted at x = 5 m (i.e. 6.12 m upstream of gate) and 
placed at several elevations z above the bed. For each flow condition, the experiments were repeated 
25 times and the results were ensemble-averaged. 
 
 
(A) Definition sketch of a negative surge propagating upstream following a rapid gate opening 
    
(B) Rubber mat configurations A (Left) and B (Right) 
Figure 2 – Experimental facility 
 
Table 1 - Experimental investigations of negative surges 
 
Reference  
(°) 
Q 
(m3/s) 
h 
(m) 
Channel geometry Flow conditions Instrumentation 
Favre (1935) 0 0.0139 
to 
0.0236 
0.04 L = 73.6 m, B = 0.42 
m, smooth cement 
Downstream surge 
propagation 
do = 0.125 to 0.269 m 
Water depth meters 
Reichstetter 
and Chanson 
(2013a,b) 
0 0.020 
& 
0.030 
0.03 to 
0.05 
L = 12 m, B = 0.5 m, 
smooth PVC 
Upstream surge 
propagation 
do = 0.10 to 0.26 m 
Displacement meters, 
ADV. 
Present study 0 0.025 0.06 to 
0.072 
L = 12 m, B = 0.5 m 
Smooth PVC 
Rubber mat config. A
Rubber mat config. B
Upstream surge 
propagation 
do = 0.107 to 0.23 m
Displacement meters, 
ADV. 
  0.035 0.075 
to 
0.092 
Smooth PVC 
Rubber mat config. A
Rubber mat config. B
Upstream surge 
propagation 
do = 0.128 to 0.21 m
 
 
Note: B: channel width; L: channel length; : bed slope. 
3. FLOW PATTERNS AND FREE-SURFACE OBSERVATIONS 
All visual, photographic and video observations showed a steep drop of the water elevation in the 
close vicinity of the gate, immediately after the gate opening (Fig. 3A). Figure 3 show some series of 
 photographs of upstream negative surge propagation close to the gate and further upstream for 
identical flow conditions. The observations demonstrated the very rapid gate opening and negative 
wave formation. Although some surface disturbance was seen immediately following the gate motion, 
these vanished very rapidly and the free-surface profile exhibited a smooth surface, within one 
second. The instantaneous free-surface exhibited a very-smooth shape as the negative surge 
advanced upstream: the free-surface was very flat (Fig. 3B). The passage of the negative wave 
leading edge was barely perceptible. Although hard to observe, the gradual lowering of the water 
depth may be seen in Figure 3B using the square grid on the sidewall as reference. 
 
   
(A) At x = 10.9 m, t = 0, 0.57 s, 1.33 s (from left to right) 
   
(B) At x = 5 m, t = to, to + 0.76 s, to + 1.14 s (from left to right) 
Figure 3 – Upstream propagation of a negative surge on a rough bed - Initial flow direction from left to 
right, surge propagation from right to left - Flow conditions: Q=0.0254m3/s, do=0.155m, h=0.06m, 
rubber mat configuration A 
 
During the negative surge, the water depth decreased relatively gradually after the rapid generation 
phase. Figure 4 presents some typical ensemble-averaged free-surface measurements at several 
longitudinal locations. Note that the most downstream sensor (x = 11.25 m) was located 0.13 m 
downstream of the gate. Its signal output corroborated the positive surge generated by the rapid gate 
opening and propagating downstream (Fig. 4). At all other locations, the water depth data showed a 
decrease in water elevation with time once the negative surge leading edge reached the sensor. The 
data documented the smooth free-surface profile at the surge leading edge. For all bed roughness and 
initial flow conditions (Table 1), the data showed some relatively large free-surface fluctuations during 
the passage of the surge leading edge. Herein the instantaneous free-surface fluctuations were 
quantified in terms of the difference between the ninth and first deciles (d90-d10) of the data ensemble 
at an instant t (Fig. 4). For a Gaussian distribution of the ensemble around its mean, (d90-d10) would be 
equal to 2.6 times the standard deviation (Spiegel 1972). 
 
All the experimental data showed a maximum in free-surface fluctuations (d90-d10)max occurring slightly 
after the passage of the surge leading edge. The maximum free-surface fluctuations tended to 
decrease exponentially with increasing distance from the gate as illustrated in Figure 5. Typical 
variations with distance of (d90-d10)max are reported in Figure 5, where xGate is the location of the tainter 
gate (xGate = 11.12 m). For all three bed configurations, the maximum free-surface fluctuation (d90-
d10)max data showed an marked decrease with distance travelled by the surge. The time lag tmax 
between the occurrence of maximum free-surface fluctuation and negative surge leading edge 
passage showed a monotonic increase with increasing distance from the gate (data not shown). The 
trend was observed for all flow rates and bed configurations, and it yielded: 
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Figure 4 – Time variations of the ensemble-averaged median free-surface elevations and fluctuations 
(difference between 9th and 1st deciles) (d90-d10) during the negative surge propagation about smooth 
PVC invert - Flow conditions: Q=0.0345m3/s, do=0.182m, h=0.075m - Solid black line marks the free-
surface elevation at x=5m 
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Figure 5 – Longitudinal variation of maximum free-surface fluctuation (d90-d10)max during negative 
surge propagation for Q = 0.0345 m3/s 
 
The celerity of the negative wave leading edge was recorded using a combination of photographic, 
video and acoustic displacement meter data. Altogether the data (not shown) showed the same 
distinctive trend for all bed configurations. Immediately after the gate opening, the negative wave 
formed very rapidly and the celerity of its leading edge increased very rapidly with distance, reaching 
maximum dimensionless value (U+Vo)/(g×do)1/2 in excess of two, where U is the surge celerity positive 
upstream and Vo is the initial flow velocity at x = 5 m. This short acceleration phase was associated by 
some strong disturbance immediately upstream of the gate. Further upstream, the negative wave 
leading edge decelerated and propagated in a more gradual manner: that is, its celerity decreased 
 with distance towards an asymptotical value (U+Vo)/(g×do)1/2 = 1 for all the bed configurations. This 
asymptotical limit was equal to the analytical solution of the St Venant equations for a frictionless 
surface (Henderson 1966). The findings implied that the bed roughness had no effect on the celerity of 
the negative surge within the experimental flow conditions. 
 
4. UNSTEADY VELOCITY PROPERTIES 
The instantaneous velocity data showed a marked acceleration of the flow when the positive surge 
leading edge passed over the sampling volume (Fig. 6). Figure 6 presents some typical instantaneous 
velocity data for a single run on the smooth PVC bed, where Vx is the longitudinal velocity component 
positive downstream, Vy is the transverse velocity component positive towards the left sidewall and Vz 
is the vertical velocity component positive upwards. The data showed the gradual lowering of the free 
surface associated with the acceleration of the flow at the sampling location (x = 5 m). Similar results 
were observed at all elevations for all bed configurations. 
 
The velocity measurements were repeated 25 times and the results were ensemble-averaged. The 
ensemble-averaged velocity data were analysed in terms of the median velocity Vmedian and the 
instantaneous velocity fluctuations were quantified in terms of the difference between the ninth and 
first deciles (V90-V10) (Fig. 7). Figure 7 presents some typical results. Altogether the results showed 
that the propagation of the negative surge was associated with some longitudinal acceleration, as well 
as some increase in turbulent velocity fluctuations, at all vertical elevations on all three types of bed 
roughness. The velocity data showed that the acceleration was comparatively larger in the upper 
water column (i.e. z/do> 0.38). Close to the free-surface, some negative vertical velocity component 
was observed as the water depth decreased rapidly following the passage of the surge leading edge. 
The maximum vertical velocity amplitudes decreased with decreasing vertical elevations, tending to 
zero at the invert (z = 0), as implied by the no-flow-through boundary condition. 
 
Some distinct peaks in velocity fluctuations were seen at higher vertical elevations (z/do  ≥ 0.04) on all 
three bed configurations following the passage of the surge leading edge: e.g., about t(g/do)1/2  445 
in Figure 7A. For the same vertical elevation, the maximum velocity fluctuations were smaller on the 
rougher beds (rubber mat configurations A and B) compared to those recorded on the smooth PVC 
bed. 
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Figure 6 – Instantaneous water depth and velocity components during a negative surge propagating 
above a smooth bed - Flow conditions: Q = 0.0345 m3/s, h = 0.066 m, x = 5 m, do = 0.205 m, z = 0.088 
m, PVC bed 
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Figure 7 – Ensemble-averaged median water depth dmedian, velocity Vmedian and difference (V90-V10) 
between 9th and 1st deciles at x = 5 m recorded at different elevations during a negative surge above  
rough bed (rubber mat configuration A) - Flow conditions: Q = 0.0345 m3/s, do = 0.21 m, x = 5 m - 
Median velocity data offset vertically by +0.1 for the three upper elevations - (A, Left) Horizontal 
velocity; (B, Right) Vertical velocity - Same legend for both graphs 
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Figure 8 – Ensemble-averaged median water depth dmedian and turbulent stresses vxvx and vxvy 
in the upper water column during a negative surge propagation- Flow conditions: Q = 0.0345 m3/s, do 
= 0.21 m, x = 5 m, z  0.13 - (A, Left) Smooth PVC invert, do = 0.205 m, z/do = 0.628; (B, Right) 
Rubber mat configuration A, do = 0.212, z/do = 0.652 
The Reynolds stresses were calculated based upon the deviation between the measured velocity and 
the ensemble-average median. Typical results are presented in Figure 8 for both smooth and rough 
beds. Figures 8A and 8B present the dimensionless water depth and a normal and tangential stress 
component as functions of time. The data showed consistently that the passage of the negative surge 
was associated with large turbulent stress levels as well as large fluctuations in turbulent stresses at 
all vertical elevations. The magnitude of the Reynolds stress tensor components was larger than in the 
initially steady flow. This is illustrated in Figure 8. While the boundary shear stress in an accelerating 
flow is lower than that in a steady flow for the same velocity and depth (He et al. 2011), the present 
data showed larger shear stress levels than in the initial flow. 
 
For the present study, maximum instantaneous shear stresses of up to 5 to 20 Pa were recorded, 
independently of the bed roughness. The results implied that the negative surge has the potential to 
scour a natural bed made of fine grained sediments. For comparison, the Shields diagram predicts a 
critical shear stress for non-cohesive sediment motion onset of about (o)c = 0.1 to 0.5 Pa for fine sand 
particles with sizes between 0.1 and 1 mm (Julien 1995). The measured Reynolds stress levels were 
an order of magnitude larger than the critical threshold for sediment transport. The results indicated 
that, at the laboratory scale, the negative surge could scour fine sand particles and advect them 
downstream into suspension during the acceleration phase. In a practical application, such as a water 
supply channel, bed erosion will occur when the surge leading edge propagates upstream, before the 
particles are entrained downstream in the accelerated rundown flow. The process might be applied to 
 remove sediments in silted canals. 
5. CONCLUSION 
The turbulent mixing induced by a negative surge propagating upstream in a canal was investigated 
physically in a series of new laboratory experiments performed in a relatively large rectangular 
channel. Both unsteady free-surface profile and turbulent velocity characteristics were measured for a 
negative surge propagating upstream following a rapid gate opening. Three types of bed roughness 
were tested systematically. The measurements were repeated 25 times and the results were 
ensemble-averaged. The data were analysed in terms of the instantaneous median and fluctuations of 
both free-surface elevation and velocity components. 
 
The propagation of the negative surges was gentle and barely perceptible, but very close to the gate. 
For all bed configurations, the data of surge leading edge celerity showed a characteristic trend, with a 
rapid acceleration immediately following the gate opening, followed by the deceleration of the leading 
edge surge celerity towards and asymptotical value: (U+Vo)/(g×do)1/2 = 1 independently of the bed 
roughness. The results implied that the bed roughness had no effect within the experimental flow 
conditions. Relatively large free-surface fluctuations and turbulent velocity fluctuations were recorded 
beneath the leading edge of the negative surge for all flow conditions. Large mean and instantaneous 
turbulent shear stress levels were measured, significantly larger than in the initially steady flow. 
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